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Fluorescence anisotropyt-driven proton pump like bacteriorhodopsin, but made more effective for
collecting light by its second chromophore, salinixanthin, a carotenoid. Action spectra for transport and
ﬂuorescence of the retinal upon excitation of the carotenoid indicate that the carotenoid functions as an
antenna to the retinal. The calculated center-to-center distance and angle of the transition moments of the
two chromophores are 11 Å and 56°, respectively. As expected from their proximity, the carotenoid and the
retinal closely interact: tight binding of the carotenoid, as indicated by its sharpened vibration bands and
intense induced circular dichroism in the visible, is removed by hydrolysis of the retinal Schiff base, and
restored upon reconstitution with retinal. This antenna system, simpler than photosynthetic complexes, is
well-suited to study features of excited-state energy migration.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Sunlight is themajor source of energy in biology, and evolution has
produced elaborate systems to efﬁciently collect it. In the photosyn-
thetic complexes of plants and bacteria, a large number of chlorophyll
and carotenoid molecules absorb the incident light as antennae, and
funnel the resulting excited-state energy to the reaction centers where
the photochemistry takes place. Nearly forty years ago, a second,
retinal-based, light-energy conversion system was discovered in
the haloarchaea [1]. As a light-driven proton pump, bacteriorhodopsin
[2–5] produces transmembrane proton-motive force to be used for ATP
synthesis, as photosynthetic centers, but it is a far simpler system,
a small heptahelical membrane protein with a single retinal as
chromophore. Such retinal-based proton pumps are now known to
be wide-spread among eubacteria, fungi, and even eukaryotes [6]. Is
there a need, and even room, for an antenna to assist the retinal in such
simple proteins?
Action spectra have hinted at the possibility of an antenna to retinal
inphotoreceptors. Sensitivityofﬂy rhodopsin toUV light is enhancedby
retinol [7,8], and a porphyrin seems to enhance the photoresponse of a
deep-sea ﬁsh rhodopsin [9–11]. Energy transfer from carotenoids or
ﬂavins to a retinal-based photoreceptor was suggested to account for
the action spectrum for phototaxis in the green alga Haematococcus
pluvialis [12]. The properties of the recently discovered xanthorhodop-
sin [13,14] demonstrate that carotenoid to retinal excited-state energy
transfer is indeedpossible. It is awell-deﬁned retinal/carotenoidprotein
with 1:1 chromophore stoichiometry, and a light-driven proton pumpll rights reserved.with substantial sequence homology to bacteriorhodopsin and pro-
teorhodopsin. Xanthorhodopsin is found in the cell membrane of Sali-
nibacter ruber, a halophilic eubacterium [15,16], and it is one of the few
non-archaeal retinal-proteins available for study in its native host
organism. This brief review will summarize the evidence for excited-
state energy transfer in this protein, the nature of the antenna binding
site, the interaction between the carotenoid and the retinal, and
structural considerations in accomodating the second chromophore
inside the protein. The latter is aided by a high-resolution crystal-
lographic model that we very recently been able to reﬁne from X-ray
diffraction.
2. Homology with other bacterial rhodopsins
The S. ruber genome contains open reading frames that appear to
code for three categories of type II rhodopsins [17,18]: a proton pump
[13], a chloride pump [19], and the two sensory rhodopsins. Transport
measurements with cell membrane vesicles show evidence for a
proton transporter and only traces, if any, chloride transporter, and
puriﬁed membranes contain a protein identiﬁed by mass spectro-
metry as the product of the gene similar to those of bacterio-opsin and
proteo-opsin [13]. The protein was named xanthorhodopsin to signify
that it contains both carotenoid and retinal.
All residues demonstrated as essential for binding retinal and for
translocating protons are present in the xanthorhodopsin gene
sequence, consistent with its function as proton pump. The sequence
has somewhat more homology to bacterio-opsin (23%) than to proteo-
opsin (19%), but the constellation of the functional residues is more
like in proteo-opsin. Thus, there is no homologue for Glu-204 of
bacteriorhodopsin, suggesting that proton release on the extracellular
side during or immediately after deprotonation of the Schiff base in the
Fig. 1. Absorption spectra (A) and action spectra (B) of xanthorhodopsin. In A: spectrum 1,
xanthorhodopsin; spectrum 2, after hydrolysis of the retinal Schiff base with hydro-
xylamine; spectrum 3, after borohydride reduction of the retinal Schiff base. Hydro-
xylamine releases the retinal and that decreases the resolution of the vibronic bands of the
carotenoid, while borohydride leaves the reduced retinal in its binding site and does not
signiﬁcantly alter the carotenoid spectrum. In B: spectra 1 and 2, action spectra for
photoinhibition of respiration by S. ruber and Archaebacterium sp. (Halorubrum sp.) cells,
respectively. After [13,22,25].
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Experiments with pyranine as pH indicator of transient changes during
the photocycle show this to be so. The homologue of the proton donor
Asp-96 to the Schiff base in bacteriorhodopsin is a glutamic acid, also
as in proteorhodopsin. There are few clues in the primary structure
concerning the location of the large carotenoid molecule.
3. Absorption spectra, action spectra
The absorption spectrum of S. ruber membranes is dominated by
the bands of salinixanthin [20] at 458, 486 and 521 nm. After puriﬁ-Fig. 2. Chemical structure ofcation that removes nearly all other proteins and most of non-bond
carotenoid, the salinixanthin bands are seen to be sharp peaks and the
retinal chromophore appears as a distinct shoulder with an estimated
maximum at ca. 560 nm (Fig. 1A). The separation of vibronic states in
the highly structured carotenoid band of the complex contrasts with
the spectrum of the same carotenoid in organic solvents andwhen not
bound to salinixanthin, where motion of the keto ring relative to the
polyene chain averages its various states. Although the extinctions of
neither carotenoid nor retinal in salinixanthin are known exactly, the
formermust be near 130,000M−1 cm−1 [20] and the latter 60,000M−1
cm−1 (as in bacteriorhodopsin). Thus, the stoichiometry of the two
chromophores is 1:1. Because this protein is homologous to bacter-
iorhodopsin (see below), this means that it contains one retinal and
one salinixanthin [13,21].
The protonation state of the counter-ion to the retinal Schiff base of
bacterial rhodopsins affects their spectra. In bacteriorhodopsin and
proteorhodopsin the maximum shifts from 565 to 605 nm, and 520 to
543 nm at acid pH, with pKa values of 2.5 and ca. 7, respectively. In
xanthorhodopsin this shift is only a few nm, and could be identiﬁed as
the consequence of counter-ion protonation only indirectly, using the
fact that the Schiff base will not deprotonate in the photocycle
(producing the M intermediate) when its proton acceptor is unavail-
able because it is already protonated [21]. Its pKa is ca. 6.
The dependence of proton transport on the wavelength of actinic
light, when the light-intensity is low enough to limit, will reveal the
spectra of the chromophores involved in the photoreaction, and thus
their identity. To this end, transport was assayed by a) light-induced pH
change in cellmembrane vesicles [13], and b) light-induced inhibition of
respiration in whole S. ruber cells [13,22], which originates from light-
induced proton gradient back-pressure. The latter assay had been used
for bacteriorhodopsin-containing H. salinarum cells [23,24], and
demonstrated at the time, as did action spectra by other methods, that
retinal and not the carotenoid bacterioruberin was the chromophore
that drives proton transport. Both pH change and inhibition of
respiration were abolished by uncoupler, indicating that they originate
from extrusion of protons from the vesicle or cell interior by the S. ruber
pump. The action spectra from these measurements were complex and
revealed the participation of the retinal, with a broad maximum at ca.
560nmasexpected, butmore interestingly, theparticipation of a second
chromophore, with narrow bands at 458, 486, and 521 nm (Fig. 1B). The
latter corresponds to the spectrum of salinixanthin, the carotenoid
whose red color is responsible for the name, “ruber.” In archaerhodopsin,
the action spectrum reveals no such participation of its carotenoid,
bacterioruberin, in transport (Fig. 1B).
Salinixanthin is a complex carotenoid (Fig. 2), in which the C40
conjugated chain with 13 double bonds and a fatty acid chain
are linked to a β-D-glycoside [20]. It bears more similarity to the
carotenoids of photosynthetic complexes, e.g., rhodopin glucoside,
than the simpler and symmetrical carotenoid, bacterioruberin, which
confers onto the halophilic archaea their familiar red color.
The sequence homology with other type II rhodopsins, and
particularly those with proton pump function, as well as the photo-
chemical cycle (see below), make it unavoidable to conclude that the
conﬁgurational changes of the retinal after its photoisomerizationsalinixanthin, from [20].
Fig. 3. Fluorescence of the chromophores of xanthorhodopsin A: 1, absorption spectrum
of xanthorhodopsin; 2, ﬂuorescence emission spectrum when excited at 470 nm, on an
arbitrary scale, pH 5.5; 3, excitation spectrum for emission at 700 nm. Emission from
salinixanthin is a set of structured bands at 530–600 nm, emission from the retinal is a
broad band at 680 nm. Energy transfer from salinixanthin to the retinal is indicated by
the carotenoid bands in the excitation spectrum. B: difference in the ﬂuorescence
emission spectrum upon reduction of the retinal with borohydride, pH 8.5. The broad
retinal emission band is removed, but the carotenoid emission bands have increased in
amplitude because the excited state decay channel to the energy acceptor is no longer
present. After [25].
Fig. 4. Simpliﬁed scheme of excited-state energy transfer from carotenoid to retinal.
Absorption of a photon by the carotenoid produces the short-lived S2 state, as S1 is
forbidden. Energy migration to the S1 state of the retinal occurs only from S2, because
the carotenoid S1 level is lower than the retinal S1. It competes with internal conversion
to S1 of carotenoid (dashed vertical arrow). Decay of the all trans retinal S1 state
produces 13-cis,15-anti conﬁguration.
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bacteriorhodopsin. Thus, the action spectra raised the strong possibi-
lity that the carotenoid functions as antenna to the retinal. If so,
comparison of the contribution of the carotenoid to the action spectra
and the absorption spectra indicate that excitation energy must be
transferred with high efﬁciency (calculated from such data as ca. 40%)
between the chromophores [13]. However, the observations did not
rule out the possibility that the role of salinixanthin in the transport is
less direct. An unspeciﬁed light-induced change in the carotenoid
might poise the protein, which transports protons otherwisemuch like
bacteriorhodopsin or proteorhodopsin, to bemore effective (bya factor
of about 2, to produce the observed action spectrum) in the ion
translocation. This possibility is ruled out, as there is direct evidence for
the antenna function of the carotenoid, as shown below.
4. Excited-state energy transfer
Excited-state energy transfer can be probed by steady-state and
ultra-rapid spectroscopy. The simplest evidence for excited-state
energymigration is ﬂuorescence of the acceptor upon excitation of the
donor. Because the two xanthorhodopsin chromophores have verydifferent absorption and ﬂuorescence spectra, this could be tested by
steady-state methods [25].
The ﬂuorescence emission of retinal in bacteriorhodopsin, and in
xanthorhodopsin also, is a broad band at ca. 680 nm, with low
quantum yield (Fig. 3A). This is emission from the S1 excited state. As
expected, it is fully removed by removal of the retinal upon hydrolysis
of its Schiff base with hydroxylamine. The ﬂuorescence emission of
salinixanthin (bands at 529, 565 and ca. 600 nm), corresponds to the
approximate mirror image of its structured absorption spectrum, with
bands at 458, 486, and 521 nm. This is emission from the S2 state, and
its level overlaps, ideally for energy transfer, with the absorption of
the retinal chromophore. Importantly, the excitation spectrum for
retinal emission shows contributions not only from retinal but also
from salinixanthin absorption, demonstrating that excitation of the
carotenoid results in retinal ﬂuorescence [25]. When this excitation
spectrum is measured at “magic-angle” polarization so as to remove
the effect of anisotropy, the contribution of the carotenoid is ca. 45% of
its contribution to the absorption spectrum. Thus, from this measure-
ment the efﬁciency of energy transfer is ca. 45%, indicating that decay
of the carotenoid S2 state via energy transfer to the retinal has about
the same rate as its alternative decay to the lower-lying S1 carotenoid
state. The implication that the S2 state is the donor of the excitation
energy is supported by increase in the intensity of the ﬂuorescence of
the carotenoid when the absorption band of the retinal is shifted to
360–380 nm through reduction of the Schiff base with borohydrate
(Fig. 3B), so that although it remains in the binding site and keeps the
carotenoid in its native conformation, it cannot accept energy from the
antenna. The observed 1.8–2 fold increase in intensity of the
carotenoid ﬂuorescence bands at 530 and 565 nm [25] is consistent
with increase in the lifetime of S2 due to the absence of quenching
through the energy transfer channel.
Thus, we could conclude that energy transfer occurs from the S2
level of salinixanthin to the S1 level of the retinal (Fig. 4). The low
quantum yield of the salinixanthin ﬂuorescence in xanthorhodopsin
(ca 4 10−5) indicates that, as in other carotenoids of this kind, the
lifetime of the S2 level is no greater than 100 fs. The high efﬁciency of
energy migration in spite of this short lifetime places a severe
restriction on the geometry of the two chromophores.
5. The carotenoid binding site
After the retinal of xanthorhodopsin is released from its binding
site upon hydroxylamine treatment, as indicated by the appearance
the negative band at ca. 560 nm of the Schiff base-linked retinal and
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retinal (or retinal analogues) will reconstitute the chromophore. The
removal of the retinal is accompanied by speciﬁc changes in the
carotenoid absorption bands. In the bleached protein the sharp
vibronic bands are broadened, suggesting greater motional freedom of
the carotenoid at its keto ring, but the maxima are only slightly
shifted. The absorption spectrum of the carotenoid now resembles the
spectrum in an organic solvent. The changes are fully reversed upon
reconstitution with retinal. It appears, therefore, that the binding of
the two chromophores are strongly coupled [13].
More evidence for the strong chromophore coupling is provided
by circular dichroism spectra. Salinixanthin and retinal in organic
solvents are only weakly optically active, but when they are bound in
xanthorhodopsin there are strong bands in the visible region from
both [26]. The acquired optical activity suggests that the polyenes
are either forced into asymmetric conﬁgurations by the constraints
of the binding sites, or they are inﬂuenced by asymmetry of the
protein in the binding sites. Hydroxylamine treatment removes not
only the contribution of the retinal to the CD spectrum (because it
no longer absorbs in the visible), but also the contribution of the
carotenoid. It appears, therefore, that when the retinal is released
from its binding site, the carotenoid (or at least its keto terminus)
is also released.
The ﬂuorescence studies (see above) yielded information also on
the geometric relationship of the retinal and salinixanthin [25]. The
approximate center-to-center distance of the two chromophore
transition moments could be calculated from the overlap integral of
the absorption spectrum of the retinal chromophore and the
salinixanthin contribution to the ﬂuorescence excitation spectrum,
and the ﬂuorescence quantum yield. Assuming a simple Förster
mechanism, which is not quite justiﬁed when the two polyene chains
are long and close to one another, the obtained value is ca. 11 Å. If the
overall structure of xanthorhodopsin is like that of bacteriorhodopsin
[27], this would place the carotenoid in close proximity of the seven-
helical bundle. The angle between the two transition dipole moments
could be calculated from the anisotropy of ﬂuorescence excitation
spectrum. At N560 nm, where only the retinal absorbs, the anisotropy
is 0.39, which is near the theoretical value of 0.4 for emission that fully
preserves the excitation polarization. This is as expected for a very
short excited state lifetime where no signiﬁcant motion can occur.
Between 400 and 560 nm, where salinixanthin contributes to the
excitation spectrum, as determined by its absorption spectrum and
the efﬁciency of energy transfer, the total anisotropy is lower and
wavelength dependent. The observed anisotropy spectrum could be
well matched with a calculated spectrum from the measured
parameters, with the relative angle between the donor and acceptor
chromophores as the only free variable. The best ﬁt gave an angle of
56±3° between the retinal and the carotenoid. The transition dipoles
should be roughly parallel with the conjugated chains, although with
a deviation as much as 9° from the axis of the carbon skeleton of the
carotenoid [28]. The retinal transitionmoment in bacteriorhodopsin is
21° inclined from the membrane plane [29], and this is likely to be so
for xanthorhodopsin also. One of the two orientations allowed by the
56° angle places the carotenoid transitionmoment about parallel with
the membrane normal (at 13°), and the other at a considerably
inclined angle (at 55°). Other than the possible off-axis orientation of
the transition moment, these angles should correspond roughly to the
physical orientation of the polyene chain.
Bacteriorhodopsin does not bind bacterioruberin, the main
carotenoid in H. salinarum, but another retinal-protein, archaerho-
dopsin, does [30]. In this system also, CD spectra indicate induced
optical activity for the carotenoid and therefore speciﬁc binding
[26,30]. However, hydroxylamine bleaching of the retinal in this case
does not perturb the absorption spectrum of the carotenoid, and nor
does it remove its CD bands in the visible. Lack of strong coupling
between the two chromophores is consistent with the observed lackof antenna function in archaerhodopsin [22]. In the recent crystal
structure of this protein [31], the carotenoid is found at the protein
periphery, at a 17 Å distance from the retinal. Its location at the contact
points in the archaerhodopsin trimer suggests a structure role [31].
6. Photocycle of the retinal and the carotenoid
Transient absorption changes in the visible region upon illumina-
tion reveal a photocycle comparable to those of bacteriorhodopsin and
proteorhodopsin [13]. Intermediate states with absorption shifts
resembling K, L, M, and N or O, are observed to rise and decay in
sequence, suggesting a similar overall mechanism for proton transport
in this protein, although differences in the mechanism of proton
release when compared to bacteriorhodopsin (see above) are already
apparent.
There is no compelling reason to suspect that salinixanthin plays a
direct role in proton translocation, but it is located near enough to the
retinal to expect that it would sense the retinal transformations during
the photochemical cycle. Indeed, static light minus dark difference
spectra at a cryogenic temperature and time-resolved absorption
measurements after ﬂash excitation at ambient temperature both
show changes not only in the retinal but also in the carotenoid.
Dissection of the contribution of salinixanthin to the complex series of
difference spectra that rise and decay between 100 ns and 100 ms is
difﬁcult and still underway, but preliminary conclusions can be made.
Roughly coincidentwith theK state, the carotenoid shows a small blue-
shift in its structured spectrum, suggesting an electrochromic effect on
its π-system. This change relaxes later in the cycle, and is replaced inM
and the later states by a broadening of the spectrum similar to that
which occurs when the retinal is removed by hydroxylamine
treatment. The broadening is likely to report on a conformational
change in the protein that lessens the interaction of the carotenoid
with the retinal.
7. Prospects for a structural description
If salinixanthin is within 11 Å of the retinal, as the ﬂuorescence
experiments indicate, the high-resolution crystallographic structure
of the homologous protein, bacteriorhodopsin, by itself, provides no
clues where the carotenoid might be located. Seemingly, there is no
room in this small, tightly packed heptahelical membrane protein for a
large molecule like salinixanthin.
However, at the time of this writing we have been able to produce
well-diffracting (to 1.9 Å) xanthorhodopsin crystals by vapor-phase
crystallization. The crystals are square rods, and dichroic: rotation
around the long axis changes the color from deep red to yellow. The
structural model from a full data-set is now in the ﬁnal stages of
reﬁnement, and conﬁrms, by and large, the predictions about the
location of the carotenoid from the ﬂuorescence experiments.
In conclusion, xanthorhodopsin appears to be a simple system that
utilizes an antenna, preceding perhaps in evolution the much more
complex multi-chromophore photosynthetic complexes. The gains in
optical cross-section aremodest [13], but must confer advantages over
the other retinal-proteins that do not make use of a carotenoid.
Present and future studies of the events during the short-lived excited
state of carotenoid and retinal in this protein promise a simple model
for energy migration between polyene chromophores.
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